B. abortus is an intracellular pathogen that is capable of establishing and maintaining long-term residence in the phagosomal compartment of host macrophages. Within this compartment, B. abortus has to resist harsh conditions, such as nutrient deprivation, oxidative stress, and acid stress. In this environment, a B. abortus mutant lacking Hfq is unable to survive and replicate (26) . Hfq regulates a number of genes related to stationary-phase-induced stress resistance in B. abortus, suggesting that the gene products support survival of this pathogen in the phagosomal compartment (27) . However, the regulatory mechanism of Hfq in B. abortus remains to be investigated.
In gram-positive bacteria the role of Hfq has not been addressed yet. Therefore, we chose to study Hfq in the grampositive food-borne pathogen Listeria monocytogenes, which causes serious infections in humans. The clinical symptoms of human listeriosis include febrile gastroenteritis, abortion, lifethreatening septicemia, and meningitis (34) . Like B. abortus, L. monocytogenes is a facultative intracellular bacterium that is capable of invading, surviving, and growing within living host cells. Following the invasion of host cells, L. monocytogenes escapes from the phagocytic vacuole and replicates within the host cytosol. Subsequently, the bacteria spread to neighboring cells, and a new infection cycle begins. Key virulence factors mediating these events include the pore-forming toxin LLO and the phospholipase PlcA, both of which mediate the escape from phagocytic vacuoles. Transcription of the virulence genes is tightly controlled in response to various stimuli by the regulatory protein PrfA (14) .
In the present study, we sought to clarify the role of Hfq in stress tolerance and virulence in L. monocytogenes. Using an in-frame hfq deletion mutant, we found that Hfq is important for the tolerance of L. monocytogenes to osmotic stress and ethanol stress and for long-term survival under amino acidlimiting conditions but that it does not contribute to resistance to acid stress and oxidative stress. We also found that the alternative stress sigma factor B regulates the transcription of hfq. Finally, we found that Hfq contributes to the pathogenicity of L. monocytogenes in mice but is not required for intracellular multiplication of this pathogen in cell lines J774A.1 and INT-407. These results demonstrate, for the first time, that Hfq of a gram-positive pathogen plays a role in stress tolerance and virulence in mice.
MATERIALS AND METHODS
Bacterial strains and growth media. The L. monocytogenes EGD serotype 1/2a strain (obtained from W. Goebel, University of Wurzburg, Wurzburg, Germany) and the EGD⌬sigB mutant (3) were routinely grown at 37°C with shaking in brain heart infusion (BHI) medium (Oxoid), Luria-Bertani (LB) medium, or improved minimal medium (IMM) (22) . When required, erythromycin and kanamycin were added to final concentrations of 5 and 50 g ml Ϫ1 , respectively. E. coli strain TOP10 (Invitrogen) was grown in LB medium. When required, 150 g of erythromycin ml
Ϫ1 was added to the medium. Hemolysis and lecithinase activity tests were performed on blood agar plates (blood agar base; Oxoid) or egg yolk agar plates supplemented with charcoal, as described previously (5) . Utilization of different carbon sources was determined by the API 50 CHL method as recommended by the manufacturer (BioMérieux).
Construction of hfq deletion strain. For in-frame deletion of the hfq gene, L. monocytogenes EGD chromosomal DNA was used as the template for PCR amplification of DNA fragments containing either the 5Ј end of the gene and upstream sequences or the 3Ј end of the gene and downstream sequences. Primers HfqA and HfqB, giving a 495-bp PCR fragment, and primers HfqC and HfqD, resulting in a 505-bp PCR fragment, were used for this procedure (Table  1) . Splicing by the overlap extension method was used to join the hfq fragments, which created a PCR fragment containing a 213-bp in-frame deletion in the hfq gene (9) . The ⌬hfq fragment was digested with XbaI and BamHI, and the fragment was cloned into the temperature-sensitive shuttle vector pAUL-A (4). The resulting plasmid was introduced into L. monocytogenes EGD by electroporation (21) , and integration of the plasmid on the chromosome was achieved by growing the transformed strains at 42°C in the presence of erythromycin. To allow allelic exchange between the intact gene and the deleted gene to take place, cells containing the integrated plasmid were grown at 30°C in the absence of erythromycin. Finally, mutant strains carrying a deletion of the hfq gene were identified by PCR. One-half of the erythromycin-sensitive candidates tested were found to carry an in-frame hfq deletion. Correct deletion events were verified by DNA sequence analysis of the resulting PCR products (CEQ2000; Beckman).
Computer analyses of protein sequences. Homology searches were performed with BLAST (1).
Stress tolerance assays. For growth experiments, overnight cultures or exponential-phase cultures (optical density at 600 nm [OD 600 ], 0.6) grown in BHI medium were diluted 1:100 in fresh BHI media containing various concentrations of NaCl (4 to 7%), ethanol (2 to 5%), lactic acid (media acidified to pH 4.5 to 6.5), H 2 O 2 (0.003 to 0.15%), or Triton X-100 (0.01 to 2%). Bacteria were exposed to thermal stress by inoculation into BHI medium at 4 or 43.5°C. Bacterial growth was monitored by measuring the OD 600 .
For viability tests, cultures were grown in BHI medium to the exponential phase or the stationary phase. Cells were harvested by centrifugation, and the pellets were suspended in 0.9% saline containing various concentrations of H 2 O 2 (0.1 to 4%), in BHI medium acidified to pH 2.5 to 4 with lactic acid, or in BHI medium at a lethal temperature (50°C). Cell viability was measured by standard plate counting in duplicate on BHI medium plates by using samples taken before exposure to stress and at various times after exposure to stress.
Long-term nutrient deprivation. Overnight cultures of wild-type and ⌬hfq strains grown in BHI medium were diluted 1:100 in BHI medium. Alternatively, overnight cultures of wild-type and ⌬hfq strains grown in IMM were diluted 1:100 in IMM, IMM containing 0.002% L-leucine, 0.002% DL-isoleucine, 0.002% DL-valine, 0.002% DL-methionine, 0.002% L-arginine, 0.002% L-tryptophan, 0.002% L-phenylalanine, and 0.002% L-histidine (normal concentration, 1%), or IMM containing 0.1% glucose (normal concentration, 2.0%). The cultures were then incubated at 37°C for several weeks. The number of surviving bacteria was determined at specified times. The cells were harvested, washed, and suspended in 0.9% saline, and then 10-fold serial dilutions were prepared, which were plated onto BHI agar plates. Colonies were counted after overnight incubation at 37°C.
Disk diffusion assays. The sensitivities of the wild-type and ⌬hfq mutant strains to a variety of antibiotics and chemical reagents were determined by agar diffusion assays as described previously (11) . The filter disks contained 30 g of the following antibiotics: ampicillin, penicillin G, cefuroxime, chloramphenicol, kanamycin, tetracycline, erythromycin, vancomycin, and streptomycin. The following membrane-active chemicals were tested: 10 l of 100% Triton X-100, 10 l of 50% Tween 20, and 10 l of 1% sodium dodecyl sulfate. For each antibiotic or chemical, at least three independent disk diffusion assays were performed for each strain.
RNA techniques. Total RNA was prepared by using a hot acid-phenol procedure (23) . Primer extension analysis was performed as described previously (17) by using 15 g of total RNA per reaction mixture. Primer Hfq13 labeled at the 5Ј end with 32 P was used for detection of hfq transcription start sites. Wild-type and ⌬sigB cell cultures were grown to an OD 600 of 0.3 and subjected to various stress conditions. RNA was prepared from cells collected after 20 min of treatment with 4% NaCl, after 20 min of treatment with 2% ethanol, after 20 min of treatment with 1 mM EDTA, after 20 min of incubation at 45°C, after 20 min of treatment with 0.15% H 2 O 2 , after 20 min of incubation at pH 5.5 (medium acidified with lactic acid), or after 24 h of incubation at 4°C. A control without stress treatment was included. To perform reverse transcription (RT)-PCR, the purified RNA was treated with RNase-free DNase I (Amersham) according to the manufacturer's recommendations. For cDNA synthesis, 0.1 pmol of primer Hfq14, Hfq13, HfqC, or Hfq10 (Table 1 ) was allowed to anneal to 0.5 g of RNA in AMW buffer (Finnzymes) and 1.1 pmol of each deoxynucleoside triphosphate in a 10-l (total volume) mixture. To initiate cDNA synthesis, 2 U of AMW reverse transcriptase (Finnzymes) was added, and the reaction was allowed to proceed for 30 min at 42°C. Then 0.25 l of the cDNA reaction mixture was used as the template in a 25-l PCR amplification reaction mixture with forward primer MiaA1, Hfq9, or HfqN, reverse primer Hfq14, Hfq13, HfqC, or Hfq10 (Table 1) , and Taq DNA polymerase (Promega), as described by the supplier. In control reactions, RNA or chromosomal DNA was used as the template. For quantitative RT-PCRs, DNase I-treated RNA from nonstressed or salt-stressed cells was reverse transcribed by using Taq-Man RT reagents with the supplied hexamers according to the protocol recommended by the supplier (Applied Biosystems). SYBR Green PCR Master Mix was added to cDNA obtained from RT of 100 ng of RNA, together with 300 nM primer Lmo1296-1 and 300 nM primer Lmo1296-2 ( Table 1 ). The primers hybridized to the 5Ј end of lmo1296 and produced a 51-bp DNA fragment. The RT-PCR was performed with an ABI PRISM 7700 sequence detection system with the standard setup. Primers were designed by using PrimerExpress as recommended by the supplier of the ABI PRISM 7700 sequence detection system (Applied Biosystems).
Construction of lacZ fusion to miaA and hfq and ␤-galactosidase assays. DNA fragments containing regions of the miaA promoter, the miaA gene, and the hfq promoter were amplified by PCR. For a fragment containing the miaA promoter region, the miaA gene, and the hfq promoter region, a 1,232-bp fragment (ranging from position Ϫ1125 to position 107 relative to the hfq transcription start site) was amplified by using primers MiaA1 and Hfq12. Primers MiaA1 and Hfq14 were used for amplification of a 1,016-bp miaA fragment (ranging from position Ϫ1125 to position Ϫ109 relative to the hfq transcription start site). For the full-length hfq promoter fragment, a 216-bp fragment (ranging from position Ϫ109 to position 107 relative to the hfq transcription start site) was amplified by using primers Hfq5 and Hfq12 (Table 1) . Primers Hfq11 and Hfq12 were used for amplification of a truncated 132-bp hfq promoter fragment (ranging from position Ϫ25 to position 107 relative to the hfq transcription start site) ( Table 1) . To construct plasmids phfq(Ϫ109)-lacZ, phfq(Ϫ25)-lacZ, pmiaA-hfq-lacZ, and pmiaA-lacZ, the PCR fragments were digested with EcoRI and BamHI and cloned into EcoRI-BamHI-digested pTCV-lac, a shuttle vector used for construction of transcriptional fusions to lacZ (25) . Correct insertion of the fragments into pTCV-lac was verified by DNA sequencing analyses. The resulting plasmids were electroporated into the wild-type and ⌬sigB mutant strains. For measurement of hfq expression under various stress conditions, wild-type and ⌬sigB mutant strains carrying the lacZ fusions were grown in BHI medium to an OD 600 of 0.3. The cultures were split, and the stress factors were added. Cells were collected 1 h after the addition of stress factors and assayed for ␤-galactosidase activity. The stress conditions tested were ethanol (final concentration, 2%), NaCl (final concentration, 4%), EDTA (final concentration, 1 mM), lactic acid (final pH 4.0 to 5.5), H 2 O 2 (final concentration, 0.003 to 0.15%), and Triton X-100 (final concentration, 0.5%). For the ␤-galactosidase assay, cells were permeabilized by treatment with 0.5% toluene and 4.5% ethanol, and ␤-galactosidase activities were determined as described previously (16) . The specific activity of ␤-galactosidase was calculated as follows: (OD 420 of the reaction mixture Ϫ OD 550 of the reaction mixture)/(reaction time in minutes ϫ OD 600 of cells used in the reaction mixture). The ␤-galactosidase activities presented below are the averages of three independent experiments in which the observed variations did not exceed 10%.
Intracellular infection assay. The murine macrophage-like cell line J774A.1 (ϭ ATCC TIB-67) was propagated in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen). The embryonic intestinal epithelial cell line INT-407 (ϭ ATCC CCL 6) was propagated in Eagle's minimal essential medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum. Cells were incubated in the presence of 5% CO 2 at 37°C. For the infection assays, the concentration of cells was adjusted to 5 ϫ 10 5 cells per ml, and the cultures were grown in 24-well tissue culture plates to obtain monolayers (20 h at 37°C). Bacteria grown to the mid-log phase or overnight were washed, and the concentration was adjusted to approximately 5 ϫ 10 5 (J774A.1) or 1 ϫ 10 7 (INT-407) CFU per ml of cell culture medium. Bacteria were added to the wells so that the multiplicities of infection were 1 and 20 bacteria per cell for J774A.1 and INT-407 cells, respectively. The tissue culture plates were centrifuged for 2 min at 150 ϫ g to bring the bacteria into contact with the cell monolayers and were subsequently incubated at 37°C. After 1 h of incubation, each infected monolayer was washed twice with phosphate-buffered saline (PBS) and then overlaid with cell culture medium containing 100 g of gentamicin ml
Ϫ1 to kill extracellular bacteria. After 1 h, the monolayer was washed twice and then overlaid with cell culture medium containing 10 g of gentamicin ml
Ϫ1 and incubated at 37°C. The monolayer was washed with PBS and lysed with 0.1% Triton X-100 either immediately (time zero) or at a later time. The number of bacteria released was expressed in CFU per milliliter by plating appropriate dilutions on BHI agar plates. Each experiment was carried out in triplicate and repeated twice.
Mouse virulence assay. Overnight cultures of L. monocytogenes strains were diluted 1:100 in BHI medium and grown until the OD 600 was 0.6. The bacteria were washed and suspended in PBS prior to infection. Six-week-old female BALB/c mice were infected intraperitoneally with 2 ϫ 10 4 bacteria. Three days after infection, the mice were sacrificed, and the liver and spleen of each mouse were homogenized. Tenfold serial dilutions of the homogenized spleen or liver in physiological saline buffer were plated onto BHI agar plates. CFU were counted following overnight incubation at 37°C. Significance was determined by using the Student t test. The experiment was done in accordance with the legal notices of the Danish Animal Experiments Inspectorate.
RESULTS
In-frame deletion of the hfq gene in L. monocytogenes. Analysis of the L. monocytogenes EGD-e genome sequence revealed that the lmo1295 gene is predicted to encode a protein similar to host factor 1 protein, also known as Hfq (6) . The protein encoded by lmo1295 (designated hfq) consists of 77 amino acids and is 62% similar and 46% identical to the E. coli Hfq protein. According to a structure-based sequence alignment of Hfq proteins (28) , the residues that mediate RNA interactions in S. aureus Hfq (e.g., Gln8, Tyr42, Lys57, and His58) are conserved in L. monocytogenes Hfq (corresponding to Gln9, Phe43, Lys58, and His59, respectively). L. monocytogenes hfq is located downstream from miaA, which encodes a protein similar to tRNA isopentenylpyrophosphate transferase, and upstream from lmo1296, which encodes the putative GTP-binding protein HflX (Fig. 1) . A similar gene organization has been observed at the hfq locus in E. coli (31) . Putative transcription terminators are found upstream from miaA and downstream from hfq in L. monocytogenes. RT-PCR analyses indicated that miaA and hfq are cotranscribed in L. monocytogenes and suggested that there is a transcription terminator downstream from hfq (Fig. 1) . To analyze the function of Hfq in L. monocytogenes, an in-frame deletion in the hfq gene was constructed in L. monocytogenes EGD. The resulting ⌬hfq strain lacked a region predicted to encode amino acids 4 to 74 of the Hfq protein. To test whether in-frame deletion of hfq perturbs the expression of the downstream gene lmo1296, quantitative RT-PCR analyses were performed with total RNA isolated from wild-type and ⌬hfq cells (see Materials and Methods). We found similar levels of lmo1296 mRNA in the two strains, showing that in-frame deletion of hfq has no downstream effects on lmo1296 expression (data not shown).
L. monocytogenes wild-type and ⌬hfq strains were grown in BHI medium, LB medium, a defined minimal medium (IMM), and IMM with reduced levels of amino acids or glucose. In all four media, the growth and morphology of the ⌬hfq mutant were indistinguishable from the growth and morphology of the parent strain (data not shown). In addition, there were no differences in carbohydrate utilization (as determined by API 50 CHL tests) between the two strains (data not shown).
Hfq contributes to the tolerance of L. monocytogenes to osmotic stress, ethanol stress, and Triton X-100. Wild-type and ⌬hfq cells were compared with respect to their abilities to grow and survive during exposure to various stress conditions. When The resistance of the wild-type and ⌬hfq mutant strains to three membrane-perturbing agents was tested in disk diffusion assays and in growth experiments. No difference between the two strains was observed when resistance to sodium dodecyl sulfate and resistance to Tween 20 were examined (data not shown). However, the ⌬hfq strain proved to be significantly more sensitive to the nonionic surfactant Triton X-100 (P Ͻ 0.05). The size of the zone of inhibition for the wild-type strain was 22.1 Ϯ 1.4 mm, whereas the size of the zone of inhibition for the ⌬hfq strain was 26.1 Ϯ 0.8 mm. These results were supported by growth experiments performed with different concentrations of Triton X-100, which showed that there was reduced growth of the ⌬hfq strain compared to the growth of the wild-type strain (data not shown). In disk diffusion assays, the wild-type and ⌬hfq strains displayed similar levels of resistance to various antibiotics acting on the cell wall (ampicillin, penicillin G, vancomycin, cefuroxime, bacitracin) or protein synthesis (chloramphenicol, erythromycin, kanamycin, streptomycin, tetracycline) (data not shown).
In summary, our results suggest that Hfq contributes to the tolerance to osmotic stress, ethanol stress, and Triton X-100 but does not contribute to acid and oxidative stress resistance or to thermotolerance in L. monocytogenes.
Hfq enhances survival during long-term amino acid starvation. Studies with E. coli and B. abortus have shown that inactivation of hfq results in an inability to withstand long-term nutrient deprivation (19, 26) . To assess whether Hfq plays a similar role in L. monocytogenes, we analyzed survival of the wild-type and ⌬hfq strains during long-term incubation in BHI medium, IMM, and IMM with reduced levels of glucose or amino acids. In IMM with reduced levels of amino acids, the viability of the ⌬hfq mutant declined more rapidly than the viability of the wild-type strain declined (Fig. 3) . Within the first 6 days, about 90 to 99% of the wild-type cells lost viability. After 6 days the surviving population remained relatively constant, and there was only a slight decrease in viability. In contrast to the wild-type strain, for the ⌬hfq mutant there was a continuous decline in viability, and survivors were not detectable at day 19 (Fig. 3) . The pH of the IMM with reduced levels of amino acids remained constant during growth and long-term survival experiments for both the ⌬hfq mutant and wild-type cells (pH 7.0) (data not shown). No significant difference in viability between the wild-type and ⌬hfq strains was observed in BHI medium, IMM, or IMM with reduced levels of glucose (data not shown). These results indicate that under amino acid-limiting conditions in IMM, a starvation survival response is induced in L. monocytogenes, and this response allows the wild-type strain to remain viable for a prolonged FIG. 3 . Viability during long-term amino acid starvation of wildtype and ⌬hfq strains. Cells were grown in IMM containing amino acids at a concentration of 0.002%. After the cells entered the stationary phase, they were incubated for 20 days. Samples were taken at the times indicated to determine viability. The arrow indicates the sampling time for the ⌬hfq mutant when no survivors were detected. The limit of detection was 25 CFU ml Ϫ1 . Symbols: F, wild-type strain; E, ⌬hfq mutant. The error bars indicate standard deviations based on duplicate experiments. (Fig. 1) indicated that hfq is cotranscribed with the upstream gene miaA. To investigate the transcription of miaA and hfq, a 1,243-bp fragment containing the miaA promoter region, the entire miaA gene, and the hfq promoter region was fused to lacZ in the transcriptional fusion vector pTCV-lac (25) . The resulting plasmid was introduced into the wild-type strain, and the levels of ␤-galactosidase activity in cells growing in BHI medium and under osmotic stress conditions were determined. We observed that in the presence of 4% NaCl the expression of the miaA-hfq-lacZ fusion was approximately twofold greater than the expression under nonstress conditions (Table 2 ). To test whether the increased expression of the miaA-hfq-lacZ fusion under osmotic stress conditions depended on the alternative sigma factor B , we examined the expression of the miaA-hfqlacZ fusion in a ⌬sigB strain. We found that the twofold induction of pmiaA-hfq-lacZ expression by osmotic stress was eliminated in the ⌬sigB background (Table 2 ). When we inspected the DNA region between miaA and hfq, we noticed putative Ϫ10 and Ϫ35 sequences exhibiting high levels of similarity with B -regulated promoters (12) (Fig. 4A) . To define the region responsible for the B -dependent expression, two fragments, one containing the miaA promoter region and one containing the hfq promoter region, were fused to lacZ in pTCV-lac and introduced into wild-type and ⌬sigB strains. Under osmotic stress conditions, the expression levels of miaAlacZ were similar in the two strains, whereas the level of ex- a The wild-type and ⌬sigB strains containing the lacZ fusions were grown in BHI medium until the OD 600 was 0.3. The cultures were split, and NaCl was added to one-half of each culture at a final concentration of 4%. After 1 h, cell pellets were harvested and subjected to ␤-galactosidase assays.
b The numbers in parentheses are the starting and ending positions of the fragment fused to lacZ relative to the hfq transcription start site (position 1).
c ␤-Galactosidase activities were determined as described in Materials and Methods.
phfq(Ϫ25)-lacZ were grown in BHI medium until the OD 600 was 0.3. The cell cultures were split and subjected to stresses as indicated at the bottom for 1 h. For stationary-phase cells, cultures were grown in BHI medium until the OD 600 was 2.7. Cell pellets were harvested and subjected to ␤-galactosidase assays. Controls without stress treatment were included. The data are the means for three experiments in which the observed variation did not exceed 10%. Stat. phase, stationary phase.
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Hfq PROTEIN OF L. MONOCYTOGENES 3359 on February 28, 2013 by PENN STATE UNIV http://jb.asm.org/ pression of hfq-lacZ was approximately 27-fold higher in the wild-type strain than in the ⌬sigB strain (Table 2) . These results indicate that a B -regulated promoter is located in the hfq promoter region. The higher levels of expression of the miaAlacZ fusion than of the miaA-hfq-lacZ fusion suggest that a large proportion of the transcripts that initiate upstream from miaA may not proceed into hfq (Table 2) .
To identify potential B -dependent transcription start sites upstream from hfq, we performed a primer extension analysis with RNA samples from wild-type and ⌬sigB strains exposed to various stress conditions. In the early exponential growth phase, no primer extension products were observed in the wild-type or ⌬sigB strain (Fig. 4B) . After addition of 4% NaCl, 2% ethanol, or 1% EDTA or after a temperature up-or downshift (from 37°C to 45 and 4°C, respectively), a transcript was observed for the wild-type strain. Importantly, the extension product was not observed in the ⌬sigB strain, suggesting that induction of hfq transcription depends on B (Fig. 4B) . The transcriptional start site maps just downstream from the putative binding sequences for B in the hfq promoter region (Fig.  4A) . Addition of hydrogen peroxide (0.15%) and acidification to pH 5.5 did not induce transcription of hfq (Fig. 4B) .
To investigate the role of B in hfq expression in more detail, the wild-type and ⌬sigB strains containing the full-length hfqlacZ fusion were exposed to various types of stress, and ␤-galactosidase activity was measured. Consistently, osmotic and ethanol stress strongly induced expression of hfq in a B -dependent manner (Fig. 4C) , while acidification of the growth medium with lactic acid to obtain pH values ranging from 4.0 to 5.5 or the addition of H 2 O 2 to final concentrations ranging from 0.003 to 0.15% had no effect on hfq expression ( Fig. 4C ; data not shown). Furthermore, Triton X-100 did not act as an inducer of hfq expression (Fig. 4C) . The ␤-galactosidase activity was considerably higher in wild-type cells that reached the stationary phase than in exponential-phase cells (Fig. 4C) . Importantly, growth phase-dependent induction was not found in the ⌬sigB background (Fig. 4C) .
To determine if the putative B binding determinants observed in the hfq promoter region are important for the Bdependent induction of hfq, a truncated version of the hfq promoter was fused to lacZ in pTCV-lac. In phfq(Ϫ25)-lacZ, the Ϫ35 box of the putative B binding site and upstream sequences were deleted. As shown in Fig. 4C , the conditions that induce ␤-galactosidase activity at the hfq promoter in a B -dependent manner (i.e., salt, ethanol, and entry into stationary phase) all failed to induce hfq(Ϫ25)-lacZ expression.
The results of the primer extension analysis and the ␤-galactosidase assays show that transcription of hfq is induced under specific stress conditions in a B -dependent manner. The stress-inducible expression of hfq depends on sequences in the hfq promoter region that may be utilized by the B -RNA polymerase holoenzyme. Curiously, in both experimental setups we observed that only some of the stress conditions known to induce B activity in L. monocytogenes (2) were capable of inducing the B -dependent transcription of hfq. Hfq contributes to the pathogenesis of L. monocytogenes in mice. To determine if Hfq is important for the virulence of L. monocytogenes, we initially tested the activities of the virulence factors LLO and PlcB on blood agar and egg yolk agar plates, respectively. The wild-type and ⌬hfq strains displayed similar degrees of hemolytic activity and lecithinase activity, suggesting that hfq does not influence the expression of LLO and PlcB under these conditions.
Infection studies were performed in vitro by using the murine macrophage-like cell line J774A.1 and the embryonic intestinal epithelial cell line INT-407. Wild-type and ⌬hfq cells in the stationary or exponential growth phase were used for infection of cell monolayers. The intracellular infection assays showed that entry and replication of stationary-phase ⌬hfq cells in J774A.1 and INT-407 were similar to entry and replication of stationary-phase wild-type cells (Fig. 5A and B) . Similar results were obtained when J774A.1 was infected with exponential-phase cells (data not shown). These experiments indicated that hfq has no immediate effect on the proliferation of L. monocytogenes in the intracellular environment represented by J774A.1 and INT-407.
For in vivo infection studies, the mouse model of tissue colonization was used. Groups of five mice were infected by the intraperitoneal route with the wild type or the ⌬hfq strain. On day 3, the numbers of bacteria in the spleen and liver were estimated. Compared to the wild-type strain, the ⌬hfq mutant displayed significant decreases in bacterial counts (1 and 2 log 10 units in the spleen and liver, respectively; P Ͻ 0.03) (Fig.  5C ). These results suggest that Hfq contributes to the pathogenesis of L. monocytogenes in mice.
DISCUSSION
In order to survive and grow within the hostile environments of host organisms, pathogenic bacteria must be able to monitor changes in the environment and respond accordingly by adjusting the expression of stress-and virulence-associated genes. In bacteria, sRNA molecules and RNA-binding proteins that modulate their actions have emerged as important players in the coordinate responses to environmental changes (15, 30) . In this study we investigated the role of the RNA-binding protein Hfq in the stress tolerance and virulence of a gram-positive organism, the human pathogen L. monocytogenes, for the first time.
The importance of L. monocytogenes Hfq under stress conditions was examined by comparing the growth characteristics of an in-frame hfq deletion mutant to those of a wild-type strain. We found that the mutant cells without Hfq were more sensitive to salt, ethanol, and Triton X-100 than the wild-type cells, suggesting that Hfq affects the membrane integrity of L. monocytogenes (10, 24) . The demand for Hfq during environmental stress was further supported by the increase in hfq transcription when cells were exposed to various stress conditions, including salt and ethanol, and during entry into the stationary phase. Inspection of the hfq promoter region revealed a putative binding sequence for the general stress sigma factor B , suggesting that the stress induction of hfq is B dependent. This notion was supported when we examined hfq expression in an L. monocytogenes mutant lacking the sigB gene and found that stress induction was eliminated in the absence of B . We found that ethanol and salt, but not oxidative stress and acid stress, induced the B -dependent expression of hfq. Interestingly, Hfq contributes to the tolerance to ethanol and salt, but not to the tolerance to oxidative stress and acid stress, indicating that the B -dependent control of hfq is an important regulatory event. In a recent study, DNA microarray analysis of L. monocytogenes 10403S revealed 55 genes dependent on B for expression under osmotic stress conditions and in the stationary growth phase; however, hfq was not among these genes (12) . We speculate that this discrepancy may be due to the different experimental approaches used and differences between the two L. monocytogenes strains used (10403S and EGD).
When the availability of nutrients is insufficient for growth, bacteria develop a starvation survival response. The starvation response is characterized by an initial decrease in the viability of the bacterial population, followed by long-term maintenance of cell viability (13, 37) . The death of the majority of the population results in the release of valuable nutrients that is thought to promote establishment of a small population of surviving cells. In long-term starvation experiments with IMM, we observed that limitation of the amino acid content reduced the viability of the wild-type strain to about 99% of the population, whereas the viability of the ⌬hfq mutant declined to below the detection level within 19 days. These results suggest that in the IMM used in the present study L. monocytogenes developed a starvation survival response in response to amino acid limitation and Hfq contributed to this response.
In E. coli, the highly pleiotropic phenotype of an hfq mutant has been explained by the central role of hfq in translational activation of rpoS, which encodes the general stress sigma factor S (8) . In gram-positive bacteria, B is the functional homologue of S , and therefore we investigated whether the phenotypes associated with the hfq mutant could be ascribed to altered B activity. Since B controls the transcription of hfq, a transcriptional hfq-lacZ fusion could be used as a tool for examining the B activity in a ⌬hfq background. When we compared the ␤-galactosidase activities of the wild-type and ⌬hfq mutant strains carrying the hfq-lacZ fusion, we found that the B -dependent promoter activity of the hfq-lacZ fusion was not affected by the absence of Hfq (Christiansen and Kallipolitis, unpublished data). Thus, our data suggest that Hfq does not affect the activity of the general stress sigma factor B in L. monocytogenes.
Previously, it was shown that hfq mutant cells of the gramnegative pathogen B. abortus had reduced tolerance to acid and oxidative stress conditions (26) . Interestingly, we found that although transcription of hfq in L. monocytogenes is controlled by B , it was not induced by acid or oxidative stress, and accordingly hfq did not contribute to acid and H 2 O 2 resistance. Therefore, unlike Hfq in B. abortus, L. monocytogenes Hfq is not expected to be part of the protective response of this pathogen against acid and oxidative attack by the host in the host cell phagocytic compartment. However, the decreased tolerance of the ⌬hfq mutant to other stress conditions prompted us to investigate its ability to establish an infection. We observed that Hfq contributes to the growth and survival of L. monocytogenes during infection in mice but is not required for invasion and multiplication in the macrophage-like cell line J774A.1 or in the intestinal epithelial cell line INT-407. During a systemic infection in mice, L. monocytogenes encounters a variety of microenvironments. We speculate that Hfq may be important under specific conditions present in a subset of these microenvironments. Apparently, J774A.1 and INT-407 do not represent these conditions.
The ability of a pathogen to sense signals from the host organism and mount a coordinated response to these signals is closely linked to its virulence potential. sRNA molecules represent an interesting alternative to the classic protein regulators. E. coli possesses at least 50 sRNAs, and several studies have suggested that the sRNAs are used by E. coli to adapt to environmental changes (15, 36, 39) . sRNAs may control the expression of genes at the level of mRNA transcription, translation, or stability, and many of the sRNAs require Hfq for activity (15, 38, 39) . The results of our study suggest that Hfq of L. monocytogenes plays a role in stress tolerance and pathogenesis in mice. Since Hfq of E. coli is implicated in a variety of RNA interactions, it is tempting to speculate that Hfq of L. monocytogenes contributes to these processes through interactions with RNA molecules. In future research, we will focus on clarifying the molecular mechanisms by which Hfq contributes to stress tolerance and pathogenesis of L. monocytogenes.
